In the superconductor LaRu3Si2 with the Kagome lattice of Ru, we have successfully doped the Ru with Fe and Co atoms. Contrasting behaviors of suppression to superconductivity is discovered between the Fe and the Co dopants: Fe-impurities can suppress the superconductivity completely at a doping level of only 3%, while the superconductivity is suppressed slowly with the Co dopants. A systematic magnetization measurements indicate that the doped Fe impurities lead to spin-polarized electrons yielding magnetic moments with the magnitude of 1.6 µB per Fe, while the electrons given by the Co dopants have the same density of states for spin-up and spin-down leading to much weaker magnetic moments. It is the strong local magnetic moments given by the Fe-dopants that suppress the superconductivity. The band structure calculation further supports this conclusion.
I. INTRODUCTION
Superconductivity in the systems RT 3 Si 2 or RT 3 B 2 (R stands for the rare earth elements, like La, Ce, Y, etc., T for the transition metals, like Ru, Co and Ni, etc.) is very interesting because it concerns the conduction of the d-band electrons of the 3d-or 4d-transition metals. By having different combinations of chemical compositions, one can tune the system from a superconducting (SC) ground state to a magnetic one, and sometimes have both phases coexisting in one single sample.
1,2 The LaRu 3 Si 2 has a SC transition temperature at about 7.8 K.
3,4 Since the superconductivity is at the vicinity of the magnetic order, some unconventional pairing mechanisms, such as the charge fluctuation 5 , or anti-ferromagnetic spin fluctuations 6 mediated pairings are possible. Recently, we find that both the superconducting state and the normal state exhibits some anomalous properties, suggesting that the electronic correlation plays important roles in the occurrence of superconductivity. 7 Another reason for doing research on this system is that it may have some odd pairing symmetries, such as d − wave, s + d, p x + ip y or d x 2 −y 2 + id xy , 8, 9 because the electric conduction is dominated by the 4d band of Ru atoms which construct a Kagome lattice (a mixture of the honeycomb and triangular lattice, as shown in Fig.1 ). Furthermore, the electric conduction in this system is strongly favored by the Ru-chains along the z-axis, as evidenced by our band structure calculations, this may induce quite strong superconducting fluctuations.
7
In a superconductor, the impurity induced pair breaking depends strongly on the structure of the pairing gap and the feature of the impurities, such as magnetic or non-magnetic. Therefore it is very important to measure the impurity induced scattering effect in the superconducting state of LaRu 3 Si 2 . According to the Anderson's theorem, 10,11 in a conventional s-wave superconductor, nonmagnetic impurities will not lead to apparent pair-breaking effect. This theoretical expectation has been well illustrated in the conventional superconductors.
12 However, a magnetic impurity, due to the effect of breaking the time reversal symmetry, can break Cooper pairs easily. In sharp contrast, in a d-wave superconductor, nonmagnetic impurities can significantly alter the pairing interaction and induce a high density of states (DOS) due to the sign change of the gap on a Fermi surface. This was indeed observed in cuprate superconductors where Zn-doping induces T c -suppression as strong as other magnetic disorders, such as Mn and Ni.
13,14 In LaRu 3 Si 2 , preliminary experiment indicated that the SC transition temperature drops only 1.4 K with the substitution of 16 % La by Tm (supposed to possess a magnetic moment of about 8µ B ), suggesting that the superconductivity is robust against the local paramagnetic moment 1 . This kind of doping is induced at the sites of the rare earth elements, which may give very weak pair breaking effect on the Cooper pairs (3d electrons of Ru). Therefore it is very interesting to investigate what will happen if we dope impurity atoms directly to the Ru sites. In this paper, we report the doping effect on the Ru sites by the Fe and Co dopants. We find a contrasting suppression effect to the superconductivity with these two kind of dopants. Possible reasons are given to explain this effect.
II. EXPERIMENTAL METHODS AND CHARACTERIZATION
The samples of La(Ru 1−x T x ) 3 Si 2 (T=Fe and Co) were fabricated by the arc melting method. rounds of welding with the alternative upper and bottom side of the pellet were taken, in order to achieve the homogeneity. The X-ray diffraction (XRD) measurement was performed on the Brook Advanced D8 diffractometer with Cu K α radiation. The analysis of XRD data was done with the softwares Powder-X and Fullprof. The resistivity and magnetization measurements were done on the Quantum Design physical property measurement system (PPMS-16T) and SQUID-VSM. The XRD patterns for Fe-and Co-doped samples are shown in Fig.2 and Fig.3 , respectively. One can see that the samples are rather clean, except for a small amount of Ru impurity. For the Fe-doped samples, we don't see clear change of the lattice constant a and c. This could be due to two reasons: (1) The maximal doping level here is 3% which is already enough to kill the superconductivity completely; (2) The atoms of Fe and Ru are in the same column and close to each other in the periodic table, we would assume that the ions of Fe and Ru have the similar radii. For the Co-doping, however, there is an obvious decrease of a and c lattice constant with doping, as shown in Fig.3 . The variation of the lattice constants in the Co-doped samples are well associated with the resistivity data shown below, clearly suggesting that the Co atoms are also successfully doped into the LaRu 3 Si 2 system.
III. RESULTS AND DISCUSSION
A. Suppression to superconductivity
In Fig.4(a) and (b), we present the temperature dependence of the normalized resistivity of Fe-and Co-doped samples. It can be seen that the transition temperature was suppressed remarkably with Fe-doping, and shifted to below 2 K at only a doping level of 3%. However, for the Co-doped ones, there is no significant change of T c , up to 8% Co-doping. These behaviors are also revealed by the magnetization of the samples, as shown in Fig.4(c) . For the superconducting samples, the resistivity increases monotonously with the increase of doping level, both for the Fe and Co doping. But it is clear that, the enhancement of the residual resistivity, although weaker in the Fe-doped samples than that in the Co-doped ones, but the suppression to the superconductivity is the opposite. In Fig. 4(d) we illustrate the suppression of T c with doping concentrations of Fe and Co. This is easy to be understood in the way that, the suppression to the superconductivity in the Fe-doped samples is induced by the local magnetic moments. These magnetic scattering centers are detrimental to the Cooper pairs, and thus suppress the superconducting transition temperature significantly. However, in the normal state these impurities, although possessing strong magnetic moments, act as the usual scattering centers. In the Co-doped case, the increase of the residual resistivity is quite strong. For example, the residual resistivity increases more than 100 % with the Co doping level of about 8%. However, the superconducting transition temperature drops only about 2 K. This sharp contrast between the behaviors of the Fe and Co-doped samples is unexpected from a straight forward picture, since both Fe and Co would behave similarly, i.e., both would contribute local magnetic moments and influence the electric conduction, as well as the superconductivity. Table I ).
B. Doping induced magnetic moments
In order to unravel the puzzle concerning the sharp contrast between the Fe and Co-doped samples, we have done the magnetization measurements under high magnetic fields. The raw data of magnetization measured at 3 T up to room temperature are shown in Fig.5(a) . The temperature dependence of the magnetic susceptibility look similar, however, it is only for the Fe-doped samples, that there is a diverging of the magnetic susceptibility at low temperatures. This diverging of χ at low temperatures can be understood as the formation of some strong local magnetic moments. The magnetization for Co-doped samples reveals an itinerant moment. To illustrate this point more clearly, we fit the low temperature magnetization with the Curie-Weiss law, where C = µ 0 µ 2 ef f /3k B , χ 0 and T 0 are the fitting parameters. The first term χ 0 arises mainly from the Pauli paramagnetism of the conduction electrons, the second term is induced by the local magnetic moments, given by the doped ions. In order to derive the correct values for C and χ 0 , we adjust χ 0 value to make the 1/(χ − χ 0 ) vs. T as a linear relation in the low temperature limit, the slope gives 1/C, and the intercept delivers the value of T 0 . The data treated in this way is shown in Fig.5(b)-(e) . Here Fig.5(b) and Fig.5(c) are representing results for the Fe-doped samples with x = 0.01 and x = 0.0275; Fig.5(d) and Fig.5(e) are for the Co-doped ones for x = 0.02 and x = 0.08. One can see that the low temperature part is indeed linear. Once C is determined, we can get the magnetic moment given by the Fe and Co ions µ ef f /Co or µ ef f /Fe. It turns out that µ ef f /Co = 0.572µ B in the Co-doped (x=0.08) sample, 1.62µ B /(Fe) in the Fe-doped one (x = 0.0275). Fig.6(a) and Fig.6(b) show the derived µ ef f for Co-and Fe-doped samples, respectively. The decrease of the µ ef f in Co-doped samples indicates the weakening of the magnetic moments compared to the parent sample, which suggests that the density of states of spin up and spin down contributed by the Co atoms are equal. This is also consistent with the theoretical results: Co-dopant introduces negligible magnetic moments. While in Fe-doped samples, an increase of µ ef f is observed showing the enhancement of magnetic moments by the Fe impurities. This strongly suggest that the electrons given by the Fe ions are more polarized, yielding a magnetic moment of about 1.6µ B /Fe, comparable to the theoretical calculation: 2.05µ B /Fe.
It is interesting to mention that, although the Ru and Fe are in the same column in the periodic table, the doped Fe atoms apparently play a very different role as the Ru does. This is consistent with the common sense that the 3d electrons (here contributed by Fe ions) are more localized leading to the magnetic moments. This is very different from that in the iron pnictide superconductors in which many different kind of 3d or 4d transition metals can be doped to the Fe sites for inducing superconductivity, showing a wide flexibility. [15] [16] [17] [18] [19] Doping many transition metals, like Co, Ni, Pd, Ir, Pt and Ru does not induce very strong magnetic moments, instead the antiferromagnetic order is suppressed. On the other hand, in LaRu 3 Si 2 , doping Co does not suppress the superconductivity quickly, although the impurity scattering is strong. This effect manifests that the pairing gap is probably swave type, although gap anisotropy exists for the present system.
7 It remains to be explored that whether the Codoping in LaRu 3 Si 2 can result in a "dome" like doping dependence of superconducting transition temperature, or in other words, can we find an antiferromagnetic (AF) order as the parent phase and superconductivity can be induced by suppressing this AF order.
C. Density-functional theory calculations
Using WIEN2k package 20 , we studied the electronic structure based on the generalized gradient approximation. 21 To consider the low doping concentration, we perform calculation for a 2 × 2 × 2 supercell, and replace one of the 48 Ru atoms in the supercell by Fe/Co. In Fig.7 , we show the Fe/Co 3d partial DOS. It is interesting to find that the main part of Co 3d is located below E F . Therefore Co 3d band is close to fully occupied, although due to the hybridization with Si and Ru, Co 3d has also distribution above Fermi level (E F ). Thus, it is natural to expect that the spin splitting is very small, and Co becomes nonmagnetic as shown in Fig.7(a) . For Fe, while the spin-up channel is almost fully occupied like Co, the spin-down is clearly partially occupied as shown in Fig.7(b) . Therefore, there is a big exchange splitting and the magnetic moment at Fe-site is found to be 2.05 µ B , close to our experimental value 1.6 µ B . Because of the strong hybridization with Fe 3d electrons, the neighboring Ru-site has also about 0.1 µ B magnetic moment.
IV. SUMMARY
In summary, contrasting behaviors of the suppression to superconductivity has been observed in Fe and Co doped LaRu 3 Si 2 . In the case of doping Fe, the superconductivity can be easily suppressed, while it is much slower in the Co-doped samples. Measurements and analysis on the DC magnetization suggest that the Fe-doping induce some strong local magnetic moments, while Codoping does not. This is well consistent with our DFT calculations. In the Fe-doped samples, the impurities act as strong pair breakers, which is caused by the local magnetic moment. While the doping of Co atoms brings about equally spin-up and spin-down electrons which contributes negligible magnetic moment. Therefore the pair breaking is much weaker in the Co-doped samples.
